As a result of our limited understanding of human pathophysiology, many drugs never become medicines. The use of quantitative systems pharmacology (QSP) has seen many advances with the goal of improving the probability of technical success. Many research and development (R&D) organizations have invested in QSP models; however, areas that require continuous efforts are best practices, training, education, and the clear understanding of regulatory expectations.
As a result of our limited understanding of human pathophysiology, many drugs never become medicines. The use of quantitative systems pharmacology (QSP) has seen many advances with the goal of improving the probability of technical success. Many research and development (R&D) organizations have invested in QSP models; however, areas that require continuous efforts are best practices, training, education, and the clear understanding of regulatory expectations.
A CASE FOR QSP
A recent publication highlighted four key areas as the future of pharmaceutical innovation 1 and the core basis for many of the challenges as: "the number one obstacle to innovation is our lack of basic understanding of the disease." To this end, pharmaceutical R&D has now become a race to collect and leverage human pathophysiology data. This obstacle is particularly concerning because our therapeutic arsenal includes traditional small-molecule drugs, large-molecule biologics, multitarget drugs, rational drug combinations, and gene and cellular therapies. For drug developers, the complexity in assessing how advances in cell and molecular biology and genetics can be used to design therapeutic strategies is a challenge. There is now clear realization that this multidimensional problem can only be wrestled with a fundamental "systems" and predictive approach. 2 It is inconceivable that large and complex data will be converted into successful druggable targets without a quantitative systems approach. A path to industrialization needs our collective vision in which QSP modeling is a standard part of portfolio prioritization and a component of decision making within an R&D organization; and when an opportunity is presented, applied in regulatory decision making. For this to happen universally, we need to develop and leverage QSP models in core disease areas and project the probability of technical success.
Ideally, QSP modeling will provide a systematic process for target prioritization. The process starts by defining the present understanding of pathophysiology, assumptions, and supporting data. Next, the mechanism of action for novel targets are defined and incorporated into the model. Third, projected clinical outcomes are quantitatively visualized via simulations. Finally, the impact of biological uncertainty on projected outcomes are assessed using sensitivity analysis. Because human pathophysiology is expected to remain incompletely understood for some time, failure with trials and unexpected success will continue. Eventually, in a world of rational drug development, the company with the most knowledge will have the lowest failure rates.
At some point, the need for standard, precompetitive models of pathophysiology will be needed. The integration of a generation of scientists in discovery and development teams who have immersed themselves in understanding biology must be trained to turn data into knowledge. For this effort to succeed, these scientists must appreciate the need to not only build a foundation in quantitative skills but also develop a broad understanding of drug discovery and development.
INDUSTRIALIZATION
There are many indicators of the industrialization of QSP. From workshops organized by the National Institutes of Health, white papers, 3 systems and mathematical-based training programs 4 and the use of QSP by regulators 5 there are several promising signals that the application of QSP in academia, industry, and regulatory agencies is widespread. However, because of the utility of the approach in drug discovery and development, the use of QSP in R&D is and has to be a driving force toward industrialization. Industry looks to construct fit-for-purpose models to generate mechanistic and testable biological hypotheses on therapeutic and safety profiles, with the following key issues in mind: (i) what the merits of are pursuing a pharmacological target, (ii) how to inform decisions around patient stratification and individualization, and (iii) how to rationalize selection and choice of combination treatments. Notably, neuroscience, oncology, and autoimmune disorders are the three disease areas with the most investment in QSP; neuroscience, especially in neurodegenerative disorders, is expected to have the most growth followed by continued efforts in oncology and autoimmune disorders. this review used a published, publicly available model in the evaluation of alternate dosing regimens. 7 Although there are many examples of using systems approaches in regulatory decisions, this example has served both to think of opportunities as well as calibrate our expectations for the use of QSP in a regulatory setting. This example highlights the need for a mechanistic approach, establishing the biological framework with external experts, steeped in clinical experience, and a clear, well-formulated question. The availability of the QSP model in the public domain highlights the utility of open-source platforms and how they enable decision making. Furthermore, we can anticipate that QSP may provide value in areas such as patient stratification and the need to rationalize dosing regimens especially in the development of drugs for diseases that are rare or drugs that are repurposed in untested populations. In these cases, a QSP approach may add to the evidence of effectiveness in the face of limited subject availability where the development and application of a QSP model is likely to be a high-value proposition. 8 
CHALLENGES
Although QSP is clearly being used in decision making at various stages of R&D, its varied use remains a challenge, and although computational capability is high, the universality of platforms 9 and a common vocabulary are lacking. One major challenge has been the lack of transparency with QSP modeling. Historically, first-generation models were largescale platform models that were never published. The size and complexity hindered a full understanding of the model components, but as the platforms and models evolve, the aim of the next generation of models must be transparency and acceptance within the scientific community it serves. A second challenge is the lack of standard practices for calibration and qualification. By the nature of what QSP is trying to accomplish, developing a model and assessing its fidelity is iterative. Thus, a realization that these models will evolve as new data are available will allow more realistic expectations on assessing predictive performance.
The distinction between those who use systems pharmacology and proponents of the pharmaco-statistical approach has limited the broader development of QSP; pharmaco-statistical models are a logical extension of system approaches and need to be appropriately used within the framework of R&D ( Table 1) . Another challenge has been the inclusion QSP modelers in research and development teams. There is no universal solution to this challenge other than to ensure that QSP modelers are engaged in strategic and scientific discussions to best understand key biology information gaps and questions. With a goal to transform drug discovery and development, both systems and pharmaco-statistical models can complement one another to serve as key drivers in enabling a clinical trial (Figure 1) .
The perceived need to establish regulatory impact often is a distraction from the real value proposition, which is to project efficacy based on our present understanding of human pathophysiology and provide a platform to test assumptions and alternative hypotheses. The lack of universal platforms and often uncertainty with decision makers will need some level of "qualification" for a core set of QSP models. Although a time-consuming and strenuous process, the benefits of model qualification ensure scientific consensus and regulatory acceptance. 10 There has also been a clear and unnecessary distinction of those who embrace a "systems" approach and those who do not. We are now realizing that QSP is part of a modeling continuum, and QSP modelers can learn much from more established paradigms such as the use of population approaches in understanding covariate effects on dosing and assessment of drug-interactions using physiologically-based pharmacokinetic models. Although there will be personal and organizational preferences to the role of QSP in R&D, discovery sciences, clinicians, and decision makers must drive both the need and application of QSP through which it may be fully embraced as indispensable in R&D decision making.
In summary, the challenges faced by QSP are no different than those faced by any emerging science. Most immediately, establishing best practices that can be universally adopted, reaching out to decision makers, and sharing examples of applications are needed for QSP to continue in its path toward industrialization.
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